Multiphoton excitation minimizes out-of-focus photobleaching, multifocal excitation reduces non-linear in-plane photobleaching effects and TCSPC electronics provide photon-efficient detection of the fluorescence decay profile. TCSPC detection is less prone to bleaching-and movement-induced artefacts compared to wide-field time-gated or frequency-domain FLIM. This microscope is therefore capable of acquiring 3-D FLIM images at significantly increased speeds
Introduction
Multiphoton microscopy [1, 2] enables high resolution 3-D images of fluorescent samples to be obtained for applications in biomedical research. The oft-cited advantages of multiphoton microscopy over single-photon confocal microscopy include an increased penetration depth due to the decreased scattering of the excitation light at longer wavelengths and low out-of-focus photobleaching and photodamage. Multiphoton excitation also provides a convenient method for imaging fluorophores that are excited in the UV, e.g. for imaging cellular NAD(P)H autofluorescence [3] .
Fluorescence lifetime imaging (FLIM) is an increasingly widely applied spectroscopic technique [4] [5] [6] that is often implemented on multiphoton microscope systems. Imaging fluorescence lifetime can provide information on the localisation of specific fluorophores and variations in fluorophore environment such as ion concentration, pH, oxygen concentration, refractive index, viscosity, temperature etc [4] . One advantage of FLIM is that it is insensitive to fluorophore concentration, as it does not require absolute measurements of the fluorescence intensity. FLIM can also be employed for detection of Förster (fluorescence) resonance energy transfer (FRET) between pairs of fluorophores, especially for studying the interactions and dynamics of proteins within cells [7, 8] .
However, conventional FLIM microscopy, particularly with single beam multiphoton excitation, often requires relatively long acquisition times, which can limit the use of this technique, especially when imaging live-cells that may be compromised if higher excitation intensities are used.
In this paper we report, to the best of our knowledge, the first multifocal multiphoton time-correlated single photon counting (TCSPC) FLIM microscope. This system produces minimal photobleaching during the acquisition of 3-D FLIM images and can also be applied to optically-sectioned time-lapse FLIM of live cells. Fluorescence excited at each of 16 foci is recorded on a separate element of a 16 channel photomultiplier tube (PMT) and the photon arrival times are recorded using TCSPC electronics. The multifocal multiphoton TCSPC FLIM system can be considered in two limits: highly fluorescent and weakly fluorescent samples. In the case of highly fluorescent samples, the system could be implemented with separate detection electronics for each of the 16 detector channels in order to achieve the maximum possible photon count rate. In the case of weakly fluorescent samples, the multifocal TCSPC FLIM system can provide a 16-fold increase in the signal compared to a single beam multiphoton system using only a single set of detection electronics. We demonstrate FLIM of live cells expressing GFP to illustrate the potential of this system for studying the 3-D distribution of proteins and protein-protein interactions via FRET, e.g. [9] . We also show the application of this instrument to time-lapse FLIM of cellular NAD(P)H autofluorescence, imaging single cells during stimulation with the metabolic inhibitor NaCN. Image acquisition time is an important factor for many biological experiments and limits both the (macroscopic) temporal resolution that can be achieved and the number of samples that can be studied in a given time period. The microscope system presented here provides a method to increase the imaging rate for 3-D multiphoton FLIM experiments.
Photobleaching and phototoxicity
Photobleaching is an important consideration for all types of fluorescence microscopy and places a fundamental limit on the amount of information that can be obtained from any sample. Multiphoton microscopy is known to produce enhanced (nonlinear) photobleaching in the focal plane [10, 11] , i.e. a photobleaching rate that scales nonlinearly with amount of fluorescence signal generated. For example, recent results for endogenous cellular NAD(P)H fluorescence show a fourth-power dependence of photobleaching rate with respect to excitation power [12] . Although the exact nature of the photobleaching mechanism during multiphoton excitation will depend on the fluorophore in question, in many cases it involves the absorption of a photon by a molecule that is in an excited state [10, 13] . Non-linear photobleaching restricts the rate at which fluorescence can be excited in a multiphoton microscope and also limits the total signal that can be detected. In-plane photobleaching in multiphoton microscopy can be greater than that due to single-photon excitation for the same amount of generated fluorescence signal [10] . However, single photon confocal microscopy bleaches the sample uniformly throughout the axial extent of the sample (assuming linear photobleaching processes) [14, 15] , while multiphoton microscopy only bleaches in the focal plane.
Therefore, multiphoton microscopy produces less overall photobleaching of the sample compared to single photon confocal microscopy when a 3-D image with a large number of z-steps is required.
Two phenomena that are closely related to photobleaching are photodamage and phototoxicity; these limit the amount of excitation power that can be used in both single and multiphoton microscopy if sample viability is to be maintained. For single-photon excitation, photobleaching and photodamage effects occur throughout the illumination volume. With multiphoton microscopy, linear absorption of excitation light by water does not cause a significant increase in sample temperature at typical average powers used and therefore does not contribute significantly to photodamage [16, 17] .
However, a range of multiphoton photodamage and phototoxicity mechanisms exist that depend on the excitation wavelength and fluorophores involved [18] [19] [20] . Generally, photodamage relates to direct physical damage to the sample, e.g. generation of DNA strand breaks or plasma formation, whereas phototoxicity relates to the generation of chemical species, e.g. reactive oxygen species, that go on to cause damage to the cell. Phototoxicity in multiphoton microscopy has been shown to increase with excitation power according to a power law dependence of 2 for unlabelled cells [18] and for cells labelled with calcium sensitive dyes at low excitation power levels [21] . Highly nonlinear phototoxicity and photodamage effects with a power law dependence of >2 have also been reported [20, 21] , particularly when higher excitation powers are employed.
Multifocal multiphoton microscopy
The ultrafast excitation sources most commonly used in multiphoton microscopy are based on mode-locked Ti:Sapphire lasers that typically provide average output powers of > 1 W, which is far more than should be applied at the sample plane in conventional single-beam multiphoton microscopy. One way to make use of the excess power yet retain diffraction limited axial resolution is to utilize multiple excitation foci [22] [23] [24] . If a multifocal multiphoton microscope utilizes n beams each with the same average power as employed in a single beam system, then the total fluorescence signal generated per unit time increases by a factor of n. The ratio of the number of fluorescence photons generated per photobleaching event remains the same, regardless of the number of excitation beams and is therefore independent of the amount of fluorescence signal excited. A further less commonly considered factor for multiphoton microscopy is the reduction in resolution caused if the fluorescence signal from the focal volume becomes saturated [25] . By dividing the incident power between multiple foci, this effective loss of resolution is reduced. The use of multiple excitation foci to achieve higher fluorescence signals with lower excitation intensities may also have the potential to minimize phototoxic effects when imaging live cells.
Fluorescence lifetime imaging
FLIM methodologies may be divided into three categories: direct 'electronic' detection of the decay profile, time-gating and frequency domain techniques [5] . Methods for direct electronic detection of the fluorescence decay include TCSPC [26] [27] [28] and streak camera based techniques [29, 30] .
These methods provide high photon detection efficiencies as, in principle, all collected photon events are recorded and an appropriate decay model can be directly fitted to the experimental data. Direct electronic detection also reduces the possibility of artefacts in the fluorescence decay caused by bleaching or sample movement during the acquisition, which can occur during time or frequency domain measurements that require sequential image acquisitions at varying delay times or phaseshifts. This is particularly important when following changes in fluorescence lifetime that are accompanied by changes in fluorescence intensity. Beam splitting optics for single-shot capture of multiple images can be used to overcome this limitation of wide-field FLIM, e.g. [31] , however, the necessary optics and image registration are relatively complex.
In conventional single beam multiphoton microscopes FLIM is most commonly realised using TCSPC, which is relatively low-cost and straightforward to implement. This approach provides high quality FLIM data, but the sequential pixel acquisition and limitations on excitation power imposed by photobleaching or photodamage considerations can make it relatively slow for some applications, e.g. live cell imaging. Ultimately, the rate at which photons can be detected using TCSPC is limited by photon pile-up and the dead-time of the detection electronics [32] and, if necessary, these effects can be mitigated through the use of multiple TCSPC detectors and detection electronics modules, or through the use of a multiple time-gate photon-binning method [33] .
FLIM in multifocal multiphoton microscopes
FLIM has been implemented in multifocal multiphoton microscope systems using wide-field timegated multi-channel plate intensifiers [34] [35] [36] and in a hyperspectral imaging streak camera configuration [37] . The sampling nature of time-gated detection results in a decrease in the fluorescence detection efficiency, particularly if complex fluorescence decay profiles are to be resolved via the acquisition of many time-gated images. Imaging streak cameras do not gate the fluorescence signal and can achieve higher photon economy. However, the linear temporal detection range for streak cameras operated in synchroscan mode is significantly less than the pulse repetition rate and, for most fluorophores of interest, the repetition rate of pulse trains from mode-locked lasers must therefore be reduced by means of a pulse-picker, further increasing the cost and complexity of such systems.
We report a novel TCSPC approach using a multi-element photomultiplier detector to record, in parallel, the fluorescence decay from each of 16 excitation beams in a multifocal multiphoton microscope. The repetition rate of the laser system used is 80 MHz and therefore each detector channel has the potential to record photon events at up to ~3.2 MHz with a ~1% level of error in the measured lifetime [32] . Thus the maximum achievable photon detection rate for the whole system would exceed 50 MHz when using multiple electronic detection modules. Here we demonstrate this multibeam FLIM approach using a single TCSPC module that has a dead time of 125 ns. Therefore, at a count rate of 1 MHz, the efficiency with which photon events are recorded by the TCSPC electronics is ~88%. Higher count rates and higher photon detection efficiencies could be readily achieved through the use of multiple TCSPC detection modules for a bright sample.
Experimental setup
The microscope system used in this work consists of an electronically tunable Ti:Sapphire laser (Broadband MaiTai, Newport Spectra-Physics) coupled to a combined "prechirp" dispersion compensation, beam splitting and scanning unit (TriMScope, LaVision Biotec), see Fig. 1 . The prechirp unit is configured to compensate for dispersion in the beam splitter and microscope optics.
The beam splitting unit [24] was configured to produce 16 equally spaced beams that were coupled into an inverted microscope (IX71, Olympus) via a dichroic beamsplitter. The beam splitter also introduces a temporal delay between adjacent beams that is greater than the pulse duration; this ensures that there is no cross-talk between foci that could otherwise cause the axial resolution to be degraded [38] . The 16 foci were adjusted such that the inter-beam separation was 2.5 μm at the sample and such that the position of the fluorescence generated by each beam was imaged (with a 1 mm spacing between adjacent foci) to the centre of each stripe of the 16 channel detector. The foci were scanned in the direction perpendicular to the line of foci such that the generated fluorescence spots were scanned along the centre of each rectangular detector element. To acquire a complete image, the sample was then stepped in the direction parallel to the line of foci using a motorized microscope stage (ScanIM, Märzhäuser Wetzlar GmbH & Co. KG). This arrangement avoids the need to descan the fluorescence and therefore reduces the number of optical elements required in the emission beam path. In particular, this arrangement removes the requirement for optics that are highly reflective (or antireflection coated) at both the excitation and emission wavelengths and therefore allows efficient collection of the fluorescence. One disadvantage of this configuration is that any nonuniformity in the sensitivity across any one detector element would be manifest in the final image. In practice, however, we did not find this effect to be a problem. If necessary, this effect could be corrected through calibration and the use of appropriate software. Alternatively, it is possible to avoid this effect by modifying the system to include cylindrical optics to produce an image of the sample in the direction parallel to the line of foci and to produce a stationary image of the back focal plane of the microscope objective (Fourier plane of the sample) in the direction orthogonal to the line of foci. As the foci were scanned in the direction perpendicular to the line of foci, the fluorescence signal excited at each focus was imaged onto a corresponding element of the PMT array and was recorded as a function of time. If the excitation foci were scanned over x pixels, then a 16×x pixel TCSPC FLIM image would be recorded. This process was repeated as the sample was stepped by a fraction of the inter-focal distance in the direction parallel to the line of foci until sufficient (y) stage steps had been taken to build up a complete image of the sample. The resulting y TCSPC datasets were then interleaved in software to create a 16y×x pixel TCSPC image. We note that, since the spacing of the foci changes with the magnification, the microscope objective and field of view can be varied without needing to change the relay optics in front of the multi-anode PMT. Fig. 2(c) . The excitation intensity was adjusted to give a count rate of 2.4 MHz which, given the dead time of the electronics following detection of a photon event of 125 ns, allows 70% of photon events to be detected. The performance of this multifocal multiphoton FLIM microscope was to some extent impacted by the non-ideal properties of the photomultiplier array. For example, there was a small variation in sensitivity between anodes, which, together with a small variation in intensity between excitation foci, produced the weak horizontal striping effect of the images shown in Fig. 2 . If necessary, this variation could be calibrated and the striping effect removed during data processing. Another potential issue is cross-talk between adjacent detector elements, which is indicated by the manufacturer to be ~3%. We measured the cross-talk by imaging of a thin fluorescent film of rhodamine dye solution dried onto a microscope coverslip and found it to be 4% for our system. In principle, the effects of cross-talk could be removed using appropriate data processing but we did not consider this necessary for the results presented here. A further issue is the temporal instrument response function (IRF) of each anode. This was measured by recording the signal from femtosecond pulses that were frequency doubled in a beta barium borate (BBO) second harmonic generation (SHG) crystal placed at the focus of the microscope objective. Each of the detector elements has a similar temporal IRF profile but they exhibit slightly different temporal offsets. This temporal IRF data was used during data processing to correct data from individual detector channels by shifting the decays by an appropriate number of time-bins such that the temporal response was uniform across the entire image.
Multifocal multiphoton 3-D FLIM of GFP labelled NK cells
To demonstrate the multifocal TCSPC system applied to biological samples, we acquired image This system provides a 16-fold increase in signal compared to using only a single beam on the same system when the power per focus is kept constant. In the case of the relatively weak fluorescence from these GFP-expressing cells, the photon detection rate is limited by the brightness of the sample, rather than the TCSPC electronics. For the measurements shown in Fig. 3 , we employed an excitation power of 3.8 mW per beam, which is comparable to power levels commonly used for single beam multiphoton microscopy.
Multifocal multiphoton time-lapse lifetime imaging of cellular NAD(P)H autofluorescence
Cellular autofluorescence originating from reduced nicotinamide adenine dinucleotide (NADH) has been studied using multiphoton microscopy in the 720-760 nm range by a number of authors, e.g.
[3, 40-42]. Typically, the imaging rate is limited by non-linear photobleaching effects [10, 12] and, in the case of live cell imaging, by the desire to minimize photodamage and phototoxicity [18, 43] .
Recently there has been interest in fluorescence lifetime measurements of cellular NADH autofluorescence, for detecting changes in cellular metabolism [44] [45] [46] [47] , and particularly those caused by cancer [48, 49] . Here we demonstrate time-lapse multifocal multiphoton TCSPC FLIM applied to studying autofluorescence of NADH in single live cells.
NADH has a single-photon excitation peak at 340 nm, emitting blue fluorescence centred at 460 nm, and is the principal electron donor within the cell for both oxidative phosphorylation (aerobic respiration) and glycolysis (anaerobic respiration). NADPH (a molecule differing from NADH by the addition of a phosphate group) has identical excitation and emission spectra to NADH but is instead involved with transporting energy for anabolism (biosynthesis) within the cell. Previous work has shown that cellular NADPH fluorescence is weaker than that of NADH and can be normally assumed to be constant with respect to metabolic perturbations (see [45] and references therein). Cellular autofluorescence excited in the region of 340 nm is often termed NAD(P)H fluorescence, as the two species cannot be distinguished via their fluorescence excitation and emission spectra. Energy carried by reduced NADH is released through oxidation to NAD + , which exhibits a very low fluorescence quantum yield at 340 nm compared to NADH [50] . 
Experimental method
For autofluorescence imaging, HEK293a cells were plated onto glass-bottomed tissue culture dishes We note that this double exponential decay approximation was not entirely satisfactory. The measured background level did not provide the minimum value of χ 2 when fitting a double exponential decay model and, by binning together data from multiple image frames, it was apparent that the decay was not a true bi-exponential. We also investigated a triple exponential fit to the NAD(P)H decay, which yielded the same overall trends in mean fluorescence lifetime as the double exponential fit, but with a larger variation in the resulting mean lifetime (results not shown). For this demonstration experiment and within the limits of our data, we judged the mean lifetime from the double exponential decay fit to provide the most useful indication of changes in metabolic activity.
In order to quantify the changes in the fluorescence decay profile, the fitted fluorescence decay parameters were averaged before (frames [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] 
Discussion and Conclusion
We present the first multifocal multiphoton FLIM microscope using TCSPC, where the fluorescence Although this first implementation of our multifocal multiphoton TSCPC FLIM microscope works well, there is scope for improvement. The speed of image acquisition could be improved by eliminating the need for stage scanning. This could be achieved by translating both the line of excitation foci, using the scanning mirrors, and simultaneously translating either the detector or the path of the detected signal using an additional scanning mirror. Alternatively, the need for sample stage scanning could be removed by realising true multifocal descanned detection [56, 57], although this would require the scanning mirrors and lenses, which are currently optimized for IR, to be replaced in our system in order to achieve a useful fluorescence detection efficiency. For the non-descanned geometry, we note that it would also be possible to place a narrow slit aperture in front of each element of the photomultiplier array in order to reduce optical cross-talk when imaging through scattering samples. For quantitative imaging, it may be desirable to calibrate and compensate in data processing for electrical cross-talk between photomultiplier elements and for variations in sensitivity along the stripe detectors and between the different elements. If the sensitivity and noise properties of the photomultiplier array detector could be improved, this would directly benefit the performance and imaging rate of this microscope system. Finally, the functionality of this system could be extended to image time-resolved fluorescence anisotropy decay profiles using either rapid switching of the polarization of the excitation beams or by polarisation-splitting the fluorescence signal onto two 16 channel photomultiplier array detectors.
In its current form, the system is capable of acquiring data up to 16 times faster than a single beam system on samples exhibiting relatively weak fluorescence or, more specifically, for samples where photodamage or photobleaching considerations limit single beam count rates to on the order of showed that it is possible to follow the autofluorescence decay profile dynamics of individual cells following stimulation with NaCN. This is relevant to detecting changes in cellular metabolism using endogenous fluorescence and our results agree with previous studies of the fluorescence lifetime of NAD(P)H. In particular, this result highlights the ability of the system to follow dynamic changes in fluorescence lifetime and simultaneously observe the spatial distribution of the fluorescence signal.
In the future, this experiment could yield information on the rate at which cellular respiration shifts from oxidative phosphorylation to glycolysis following stimulation and provide this information for multiple cells in the field of view simultaneously. In general, monitoring changes in fluorescence lifetime has the potential to provide additional and more quantitative information on the state of cellular metabolism compared to monitoring only the fluorescence intensity. We note that, while the parallel multifocal excitation provides a greater autofluorescence signal for a given level of photobleaching compared with a single beam excitation, a more detailed investigation is required to compare the relative phototoxicity of multiple excitation beams over long time-lapse acquisitions with respect to single beam excitation.
